Abstract: This investigation reports the mineralogy and possible pathological significance of urinary stones removed from patients in Fars province, Iran. X-ray diffraction (XRD), scanning electron microscopy (SEM) and polarizing microscope (PM) techniques were used to investigate the mineralogical compositions of urinary stones. The identified mineral components include whewellite, weddellite, hydroxyapatite, uricite and cystine. These techniques revealed that the whewellite and uricite were the most common mineral phases. Platy-like/monoclinic whewellite, prismatic/monoclinic uric acid and hexagonal cystine crystals were revealed by SEM. Biominerals (calcium carbonate) and quartz were also identified in PM images. Of the variables determining the type of precipitated minerals, the effects of pH on depositional conditions proved to be the most apparent parameter, as shown by occurrences and relationships among the studied minerals. Our results revealed the importance of detailed knowledge of mineralogical composition in assessing the effects of age and sex. The highest incidence of urinary stones was observed in the 40-60 age group. Calcium oxalate and uric acid stones are more frequent in men than women. Finally, the study concluded that knowledge of the mineralogical composition of urinary stones is important as it helps the scientific community to explain the chemistry and the etiology of the calculi in the urinary system.
Introduction
It is important to stress that physico-chemical principles fundamentally control the complex interactions of solutions, biomolecules, and minerals in the realms of the human body as well as in the natural geological environment [1] . Urinary stones are products of the pathological biomineralization processes in the urinary system [2] . The composition of urinary stones comprises two parts. The first part is an organic matrix containing mainly proteins, lipids, carbohydrates, and cellular components. The other part is the biomineral component [3] .
Urinary stones are typically classified by their location in the kidney, urethra, and bladder. Kidney stones are hard, rock-like crystals of varying sizes and shapes. They occur when salts in the urine precipitate and form solid materials [4] . About 40 components have been identified to form urinary calculi. The most common urinary stone types are calcium oxalates, magnesium and calcium
1.
Intrinsic factors: sex, age, ethnic, racial and familial background and inherited physiological or anatomical predisposition to urinary calculi.
2.
Extrinsic factors: climate, hardness of water available for drinking, the presence or absence of trace elements, differences in occupation, dietary and lifestyle factors [12, 13] .
The process of stone formation depends on urinary volume; concentrations of calcium, phosphate, oxalate, sodium, and uric acid ions; concentrations of natural calculus inhibitors (e.g., citrate, magnesium); and urinary pH [14] .
Because of the increased incidence of various diseases caused by abnormal mineral deposition, the aetiopathogenesis of diseases caused by pathogenic minerals has gained considerable research attention [15, 16] . Many theories and studies have attempted to clarify the mechanisms of formation and growth of calculi or stones. However, no satisfactory explanation has yet been put forward, and several questions remain unanswered [17] . Accurate knowledge of the composition of the stone is critical to elucidating the underlying etiology of the clinical disorder(s) that precipitated the stone disease [11] . Early studies on urinary stones have revealed some information on composition, mineralogy, structure, processes of formation and geo-environmental factors [18] . Therefore, accurate analysis of urinary stone composition is a key factor in choosing the most appropriate medical management [19] .
In certain areas of the world, including the Middle East which is part of the Afro-Asian stone belt, a high incidence rate of urolithiasis is reported [20] . The Fars province of Iran (SW Iran) is located in this belt. The Fars province has high numbers of cases of urinary stones in the human population. Given this context, urinary stones can be studied by investigating their mineralogy from a medical geology viewpoint. As there were no data on the mineralogical composition of urinary stones of the Fars province population in Iran, this primary study focuses on the quantitative phase analysis and morphological characterization of constituent phases in urinary stones using the Rietveld-based refinement technique with powder X-ray diffraction (PXRD) data and scanning electron microscopy (SEM), respectively. We also interpret these data to determine the relationship between age and sex and the frequency of urinary stones in view of their mineral composition. The principles of methodology used for such analyses have also been discussed.
Experimental

Samples
Thirty-nine urinary stone samples were collected between April 2013 and August 2013 from patients undergoing surgery for the PCNL (percutaneous nephrolithotomy) procedure at Shahid Faghihi Hospital, Shiraz City. The removed stones were placed in polyethylene dry bottles and kept cool until analysis. All polyethylene bottles were labeled with the name, sex and age of the patient and the date of surgery. The types of urinary stones that were collected were 36 renal, 2 bladders, and 1 ureteral stone samples. Because gender and age are likely factors of urinary stones, they were considered during the sample collection. The patients were 25 males and 14 females ranging in age between 24 and 82 years.
Analytical Procedures
The urinary stone samples were washed in distilled water, dried at ambient temperature and homogenized in agate mortar. The samples mounted into a cavity of the zero background holder silicon (25 mm wide flat plates). In the present study, we attempted to reduce the preferred orientation of particles during sample preparation. Powder of the sample was gently pressed into the holder with the sharp edge of a sheet of glass. Some additional powder was tapped through a sieve onto the holder. Because the grains have a more or less random orientation when falling from the sieve, a surface without very strong preferred orientation of the particles was nearly obtained. The X-ray diffraction (XRD) data were collected using a PW3040 Philips Diffractometer (PANalytical, Amsterdam, The Netherland), which operated at 40 kV and 30 mA with a nickel-filtered Cu-Kα at room temperature. The measurements were performed in reflection geometry. The 2θ scan range was from 10 • to 60 • , with a step size of 0.02 • and a counting time of 1 s. Phase identifications were conducted using the X-powder software (version 2010.01.45 PRO; Martin-Islán, Granada, Spain), supported by the Powder Diffraction File (PDF) database of the International Centre for Diffraction Data (ICDD). The quantitative X-ray diffraction (QXRD) analysis was carried out with PROFEX software (version 3.10.2; Döbelin and Kleeberg, Bettlach, Switzerland) [21] and the Rietveld refinement kernel BGMN (version 4.2.22, Netherlands Energy Research Foundation ECN, Rietveld, Petten, The Netherlands) [22] . The X-ray powder profile-fitting structure refinement by the Rietveld method is uniquely versatile for quantitative phase analysis in a multi-phase mixture of polycrystalline materials. This method can be applied successfully for estimating the quantitative abundance of mineral phases in urinary stones. To facilitate a systematic understanding of urinary stones mineralogy, QXRD techniques were used to further examine the changes of phase composition. To evaluate the reliability of the quantitative results from XRD data, the weighted-profile factor (R wp ), expected R-factor (R exp ) and goodness fit factor (X 2 ) are monitored. The Rietveld based methods are important when attempting to elucidate the mechanism for in vivo crystal growth of urinary stones [23] . It is, however, necessary to emphasize that quantitative phase analysis of urinary stones using the Rietveld method is not straightforward due to the fact that most of the stone samples are crystallographically heterogeneous and the majority of phases present in the urinary stones have low crystal symmetry (triclinic and monoclinic), which in turn leads to a considerable overlapping of peaks in the X-ray powder diffraction pattern [23] .
Furthermore, fourteen samples were studied by polarizing microscopy (PM, Olympus, Ramsey, NJ, USA), to identify the optical properties and mineralogical compositions of the studied urinary stones at Shiraz University. In addition, samples with a known composition based on X-ray diffraction (calcium oxalate, cystine, and uric acid stones) were selected for further investigation by scanning electron microscope. Scanning electron microscope (SEM; Leo 1455 VP, Carl Zeiss Ultra Plus, Cambridge, UK) in the central Lab of Shahid Chamran University, Ahvaz, Iran was used to identify the morphology and crystal form of urinary stones.
Results and Discussion
Mineralogy
The QXRD method is demonstrably capable of providing accurate determinations of individual crystalline phases in urinary stones [21] . For an accurate quantitative analysis of constituent phases in urinary stones it is necessary to perform the Rietveld refinement using high quality X-ray powder diffraction data. During the Rietveld refinement, structure parameters, scale factor, unit cell parameters and background coefficients, along with the profile parameters describing the peak shapes and widths are varied through a least-squares procedure until the calculated powder pattern best matches the observed pattern. In order to get an improvement on the calculi phase analysis, a Rietveld refinement of 39 urinary stone samples was performed. The results of the mineralogical analysis of urinary stones are shown in Table 1 . Rietveld refinement of XRD data of urinary stones in the Fars Province showed that whewellite and uricite were the most frequently occurring, while minerals such as cystine, hydroxyapatite, and also weddellite occurred less frequently as urinary stones ( Rietveld refinement of XRD data of urinary stones in the Fars Province showed that whewellite and uricite were the most frequently occurring, while minerals such as cystine, hydroxyapatite, and also weddellite occurred less frequently as urinary stones (Table 1) The hardness and color of urinary calculi are diversified. The whewellite calculi are hard and brown in color, and have sub-spherical to irregular shapes with rough surfaces [9, 20, 24] . Urinary apatite, consisting of hydroxyapatite, was usually soft with indefinite morphology, and could be rubbed to a fine powder with the finger. Their color ranged from near white to pale brown [12] . Uric acid stones are spherical with a smooth yellow-orange surface. Pure L-cystine stones are homogeneously composed of very small yellow spheroids [9] . The macroscopic views of two renal calculi and one bladder calculi with different mineral compositions, which were analyzed in our study, are shown in Figure 5 . The hardness and color of urinary calculi are diversified. The whewellite calculi are hard and brown in color, and have sub-spherical to irregular shapes with rough surfaces [9, 20, 24] . Urinary apatite, consisting of hydroxyapatite, was usually soft with indefinite morphology, and could be rubbed to a fine powder with the finger. Their color ranged from near white to pale brown [12] . Uric acid stones are spherical with a smooth yellow-orange surface. Pure L-cystine stones are homogeneously composed of very small yellow spheroids [9] . The macroscopic views of two renal calculi and one bladder calculi with different mineral compositions, which were analyzed in our study, are shown in Figure 5 . The hardness and color of urinary calculi are diversified. The whewellite calculi are hard and brown in color, and have sub-spherical to irregular shapes with rough surfaces [9, 20, 24] . Urinary apatite, consisting of hydroxyapatite, was usually soft with indefinite morphology, and could be rubbed to a fine powder with the finger. Their color ranged from near white to pale brown [12] . Uric acid stones are spherical with a smooth yellow-orange surface. Pure L-cystine stones are homogeneously composed of very small yellow spheroids [9] . The macroscopic views of two renal calculi and one bladder calculi with different mineral compositions, which were analyzed in our study, are shown in Figure 5 . Images taken from urinary stone samples by scanning electron microscopy (SEM) confirmed the X-ray diffraction results. Electron microscopy is a method for ultramicroscopic investigation of the fine structure of urinary stones and the possible presence of unknown components within the calculus [25, 26] . SEM photos allow a morphological analysis of the stone surface and give information about the nature of crystalline compounds, shape of the crystal, internal structure, and some data about relations between crystals and matrix [20, 27] . The SEM image showed that calcium oxalate minerals such as whewellite were characterized by a monoclinic system and platy-like morphology (Figure 6a ) [28] . Figure 6b shows a hexagonal cystine crystal. Also, SEM image showed uric acid as a monoclinic prismatic crystal shape (Figure 6c ). [25, 26] . SEM photos allow a morphological analysis of the stone surface and give information about the nature of crystalline compounds, shape of the crystal, internal structure, and some data about relations between crystals and matrix [20, 27] . The SEM image showed that calcium oxalate minerals such as whewellite were characterized by a monoclinic system and platy-like morphology (Figure 6a ) [28] . Figure 6b shows a hexagonal cystine crystal. Also, SEM image showed uric acid as a monoclinic prismatic crystal shape (Figure 6c ). The optical properties of different types of urinary stones were determined using a polarizing microscope (PM). In polarized light, it was possible to establish the presence of crystalline and amorphous materials that are helpful in identifying and differentiating these materials [20] . The results of thin-section microscopy of urinary stones using polarizing microscope showed mineralogical components of the urinary stones collected from Fars province patients. Urinary stones were classified into two mineral groups: calcium oxalate stones represented in whewellite minerals which were brownish to light brown in color. The present calcium oxalate stones showed radiating laminar texture with alternating pale brown to colorless whewellite laminae. The alternative laminea were concentrated around dark brown amorphous nuclei, and the stage of crystallization increased toward the stones' rim (Figure 7a-c) [27, 29] . Therefore, the process of formation of urinary stones is probably similar to the crystallization processes of sedimentary grains such as pisoids and oncoids, which are initiated by precipitation of substances around one or more nuclei [20] . The optical properties of different types of urinary stones were determined using a polarizing microscope (PM). In polarized light, it was possible to establish the presence of crystalline and amorphous materials that are helpful in identifying and differentiating these materials [20] . The results of thin-section microscopy of urinary stones using polarizing microscope showed mineralogical components of the urinary stones collected from Fars province patients. Urinary stones were classified into two mineral groups: calcium oxalate stones represented in whewellite minerals which were brownish to light brown in color. The present calcium oxalate stones showed radiating laminar texture with alternating pale brown to colorless whewellite laminae. The alternative laminea were concentrated around dark brown amorphous nuclei, and the stage of crystallization increased toward the stones' rim (Figure 7a-c) [27, 29] . Therefore, the process of formation of urinary stones is probably similar to the crystallization processes of sedimentary grains such as pisoids and oncoids, which are initiated by precipitation of substances around one or more nuclei [20] . Uric acid had fairly homogeneous microstructure. Concentric laminar rings could be rarely observed in uric acid samples. Figure 8 reveals concentric laminar layers and yellow color of uric acid stone. Radial texture of whewellite mineral with high content of iron (97 ppm in kidney stone samples) is shown in Figure 9 [30] .The presence of Fe in calcium oxalate stones might result from the trapping of Fe ions at the crystal surface or in the crystal lattice [31] . Uric acid had fairly homogeneous microstructure. Concentric laminar rings could be rarely observed in uric acid samples. Figure 8 reveals concentric laminar layers and yellow color of uric acid stone. Radial texture of whewellite mineral with high content of iron (97 ppm in kidney stone samples) is shown in Figure 9 [30] .The presence of Fe in calcium oxalate stones might result from the trapping of Fe ions at the crystal surface or in the crystal lattice [31] . Uric acid had fairly homogeneous microstructure. Concentric laminar rings could be rarely observed in uric acid samples. Figure 8 reveals concentric laminar layers and yellow color of uric acid stone. Radial texture of whewellite mineral with high content of iron (97 ppm in kidney stone samples) is shown in Figure 9 [30] .The presence of Fe in calcium oxalate stones might result from the trapping of Fe ions at the crystal surface or in the crystal lattice [31] . When the acidity conditions of the urinary system were changed, uric acid and calcium oxalate were found together. Sometime stones were single large uricite crystals, while in other cases an entire uricite crystal was transformed into whewellite. Uricite mineral in the center of a kidney stone was transformed to whewellite mineral in its margins, as shown in Figure 10 . Uric acid stones could result from either hyperuricosuria, acidic urine pH, or both [32] . The primary cause of uric acid stones is a urinary pH below the pKa for uric acid (5.5). In other words, uric acid is 100 times more soluble at a pH > 6 compared to a pH < 5.5 [14, 33] . If the acidity of the urinary system is alkaline, acid urine will stay soluble and the conditions for calcium oxalate crystal deposition will be provided. These changes are related to environmental (food habits and water quality) and metabolic factors. Some minerals found in kidney stones are more familiar to rockhounds. Calcite and aragonite are rare as granular material intergrown in kidney stones [34] . Calcium carbonate (such as calcite and aragonite) is one of the most important biominerals and is abundant in both organisms and nature [35] . The processes of mineralization in the human body also produce pathological biominerals like kidney or urinary stones. Formation of crystals in pathological mineralizations follows the same principles as normal calcifications [3] . Calcium carbonate biominerals such as fibrous and rhombus aragonite were only found in some of the samples. The aragonite crystal was grown in eye fractures of amuric acid stone matrix (Figure 11a,b) . The amorphous vaterite (Ca-carbonate, 6.2%W) biomineral in calcium oxalate stone is also shown in Figure 12a . Also, quartz (SiO2) was a very rare mineral in uroliths [36, 37] that was found in the calcium oxalate stone (Figure 12b ). When the acidity conditions of the urinary system were changed, uric acid and calcium oxalate were found together. Sometime stones were single large uricite crystals, while in other cases an entire uricite crystal was transformed into whewellite. Uricite mineral in the center of a kidney stone was transformed to whewellite mineral in its margins, as shown in Figure 10 . Uric acid stones could result from either hyperuricosuria, acidic urine pH, or both [32] . The primary cause of uric acid stones is a urinary pH below the pKa for uric acid (5.5). In other words, uric acid is 100 times more soluble at a pH > 6 compared to a pH < 5.5 [14, 33] . If the acidity of the urinary system is alkaline, acid urine will stay soluble and the conditions for calcium oxalate crystal deposition will be provided. These changes are related to environmental (food habits and water quality) and metabolic factors. When the acidity conditions of the urinary system were changed, uric acid and calcium oxalate were found together. Sometime stones were single large uricite crystals, while in other cases an entire uricite crystal was transformed into whewellite. Uricite mineral in the center of a kidney stone was transformed to whewellite mineral in its margins, as shown in Figure 10 . Uric acid stones could result from either hyperuricosuria, acidic urine pH, or both [32] . The primary cause of uric acid stones is a urinary pH below the pKa for uric acid (5.5). In other words, uric acid is 100 times more soluble at a pH > 6 compared to a pH < 5.5 [14, 33] . If the acidity of the urinary system is alkaline, acid urine will stay soluble and the conditions for calcium oxalate crystal deposition will be provided. These changes are related to environmental (food habits and water quality) and metabolic factors. Some minerals found in kidney stones are more familiar to rockhounds. Calcite and aragonite are rare as granular material intergrown in kidney stones [34] . Calcium carbonate (such as calcite and aragonite) is one of the most important biominerals and is abundant in both organisms and nature [35] . The processes of mineralization in the human body also produce pathological biominerals like kidney or urinary stones. Formation of crystals in pathological mineralizations follows the same principles as normal calcifications [3] . Calcium carbonate biominerals such as fibrous and rhombus aragonite were only found in some of the samples. The aragonite crystal was grown in eye fractures of amuric acid stone matrix (Figure 11a,b) . The amorphous vaterite (Ca-carbonate, 6.2%W) biomineral in calcium oxalate stone is also shown in Figure 12a . Also, quartz (SiO2) was a very rare mineral in uroliths [36, 37] that was found in the calcium oxalate stone (Figure 12b ). Some minerals found in kidney stones are more familiar to rockhounds. Calcite and aragonite are rare as granular material intergrown in kidney stones [34] . Calcium carbonate (such as calcite and aragonite) is one of the most important biominerals and is abundant in both organisms and nature [35] . The processes of mineralization in the human body also produce pathological biominerals like kidney or urinary stones. Formation of crystals in pathological mineralizations follows the same principles as normal calcifications [3] . Calcium carbonate biominerals such as fibrous and rhombus aragonite were only found in some of the samples. The aragonite crystal was grown in eye fractures of amuric acid stone matrix (Figure 11a,b) . The amorphous vaterite (Ca-carbonate, 6.2%W) biomineral in calcium oxalate stone is also shown in Figure 12a . Also, quartz (SiO 2 ) was a very rare mineral in uroliths [36, 37] that was found in the calcium oxalate stone (Figure 12b) . 
Images taken
from urinary stone samples by scanning electron microscopy (SEM) confirmed the X-ray diffraction results. Electron microscopy is a method for ultramicroscopic investigation of the fine structure of urinary stones and the possible presence of unknown components within the calculus
Distribution of Urinary Stone by Age and Sex
Urinary stone formation and the predominant chemical stone composition are age-and gender-dependent [38] . Incidence rates reported by age group consistently showed a rise-and-fall pattern as a population ages. Age at peak incidence was similar among Iran, Japan, and the United States: age at peak incidence was similar among these 3 countries, ranging from 40 to 49 years [39] . In addition, the prevalence of urinary stones disease is two to three times more common in males than in females, and the male-to-female ratio was 1.15:1 in Iran [40] .
Due to the small number of analyzed samples (n = 39), which can be considered a limitation in this research, all the conclusions made in the section are mentioned as tentative. 64.1% of patients were male and 35.9% were female. Table 2 displays influence of age and sex of patients on the formation and type of urinary stones. According to the results of the mineralogical analysis, the samples are classified into five mineral groups [30] .
The prevalence of urinary stone was higher among patients aged 40-60 years old. Significant increase in uric acid (10.26%), calcium oxalate (23.1%) and mixed stones calcium oxalate and uric acid (25.64%) frequency in ages ranging from 40 to 60 years showed an increased occurrence in the group of minerals with increasing age. Baker et al. found that the peak age for the development of calcium oxalate stones was between 50 and 60 years [41] . 
The prevalence of urinary stone was higher among patients aged 40-60 years old. Significant increase in uric acid (10.26%), calcium oxalate (23.1%) and mixed stones calcium oxalate and uric acid (25.64%) frequency in ages ranging from 40 to 60 years showed an increased occurrence in the group of minerals with increasing age. Baker et al. found that the peak age for the development of calcium oxalate stones was between 50 and 60 years [41] . Female  Male  Female  Male  Female  Male  Female  Male  Female  Male   <40  1  --1  2  -1  -1  2  40-50  -3  -3  ----1  4  50-60  4  2  1  -----1  4  >60  -2  1  1  ---1  1  2 Urinary stones were more common in male patients in each range of ages except in patients aged below 40 years old, in whom the prevalence of urinary stone was more common in female compared to male patients. This may be due to a higher incidence of urinary tract infection as one of the risk factors of urinary stone in this sexually active group of patients [42] . Calcium-containing calculi and uric acid are predominant in males over females. Daudon et al. showed a male predominance for calcium oxalate and uric acid. Cystine stones, formed by patients with cystinuria, account for only a small percentage of all urinary stones (1 of 39 urinary stone samples). The higher peak in younger ages is in accordance with the first stone event, which typically occurs in the 2nd decade of life, whereas the lower frequency at older ages may be a result of preventive measures [38, 43] .
Conclusions
The importance of mineralogy in the field of medicine lies in the application of mineralogical methods to study pathological mineral deposits in the human body. Therefore, this study underestimated real urinary disease prevalence, but for the aim of the study it was only necessary to verify a difference in the composition of urolithiasis and also verify the impact of age and sex on the distribution of the pathology in the Fars Province. The application of XRD, SEM and polarizing microscopic (PM) techniques enabled us to explain the detailed characterization of mineralogical composition of the urinary stones. The results of QXRD analysis indicated that the urinary stones had different mineralogical compositions. Uricite and whewellite minerals were the most frequently occurring. Minerals such as cystine, hydroxyapatite and weddellite occurred less frequently as urinary stones. SEM analysis results confirmed the XRD analyses. Platy-like/monoclinic whewellite, prismatic/monoclinic uric acid and hexagonal cystine crystals were revealed by SEM. Urinary stones studied by PM revealed biominerals such as whewellite, uricite and calcium carbonate. These minerals showed that formation of crystals in pathological mineralization follows the same principles as normal calcifications. Moreover, quartz was a very rare mineral component in uroliths, so more detailed investigation (such as Energy dispersive X-ray analysis and quantitative analysis by XRD) of the nature and origin of SiO 2 in the sample will give a greater understanding of the formation mechanism.
In addition, we found a relationship between age, sex and frequency of urinary stones according to their mineralogical composition. The highest incidence of urinary stones was observed in the 40-60 age group. Comparison of data related to the age group and mineralogy of urinary stones revealed a possible relationship between the age group and increase in frequency of calcium oxalate and uric acid minerals. Calcium oxalate and uric acid stones are more frequent in men than women. Thus, various forms of minerals present in the urinary stones can be helpful in identification of possible environmental (food habits and water quality) and metabolic factors.
